PURPOSE. In infants and toddlers, letter acuity is not a useful option, and grating acuity may underestimate the depth of strabismic amblyopia. Here, as a first step to establish the effectiveness of the paradigm as a clinical test, we assessed if radial deformation hyperacuity, known to be severely disrupted in adults with strabismic amblyopia, could be a potential test to detect and monitor strabismic amblyopia in young children.
METHODS. Fifty-one strabismic children and 130 normal controls ages 3 to 17 years participated. Radial deformation hyperacuity with three different radial frequency (RF) patterns (18 radius 8 RF, 0.58 radius 8 RF, and 18 radius 16 RF), optotype acuity, and grating acuity were measured. For strabismic children, hyperacuity and grating acuity were identified as normal/amblyopic based on age-matched norms. The normal/ abnormal classification was compared with amblyopia diagnosis by gold standard early treatment diabetic retinopathy study (ETDRS) optotype visual acuity.
RESULTS. The 0.58 radius 8 RF pattern had 83% sensitivity and 71% positive predictive value (PPV) for strabismic amblyopia. In comparison, the 18 radius 8 RF and 18 radius 16 RF patterns had poorer sensitivity (27%-12%) and PPV (57%-50%) for amblyopia, similar to grating acuity (sensitivity ¼ 38%, PPV ¼ 31%). Amblyopic deficits using the 0.58 radius 8 RF pattern were directly proportional to optotype visual acuity deficits.
CONCLUSIONS. The demonstrated feasibility of radial deformation stimuli for forced-choice preferential looking testing and the sensitivity and specificity of the small radius radial deformation hyperacuity stimulus for amblyopia support the potential to utilize this test to detect and monitor amblyopia in infants and preschool children. (Invest Ophthalmol Vis Sci. 2012;53:3303-3308) DOI:10.1167/iovs.11-8774 R educed letter optotype visual acuity in an otherwise healthy eye is the hallmark of strabismic amblyopia. However, use of letter optotype visual acuity as an outcome measure in infants and children younger than 3 years is impractical. The current clinical standard for diagnosis and monitoring of strabismic amblyopia in infants and preschool children is fixation preference. 1 Two recent population studies have questioned the accuracy of fixation preference as a screening tool for amblyopia. 2, 3 Fixation preference does have reasonable positive and negative predictive value in clinical cohorts with strabismus. 4, 5 Furthermore, fixation preference provides only a dichotomous outcome of amblyopic or nonamblyopic and does not provide a quantitative measure of severity of amblyopia for guiding treatment decisions or monitoring response to treatment.
Grating acuity, a quantitative measure of visual acuity that is easily measured in infants and preschool children, is highly correlated with letter optotype visual acuity but underestimates the severity of strabismic amblyopia. 6, 7 Hyperacuity tasks, on the other hand, are highly correlated with letter optotype visual acuity, and amblyopic hyperacuity deficits are nearly directly proportional to deficits in letter optotype visual acuity. [8] [9] [10] Hence, adaptation of a hyperacuity test for infants and preschool children may yield a useful method for detection of strabismic amblyopia, assessment of the severity of amblyopia, and monitoring its response to treatment.
The radial deformation shape discrimination task, initially described by Wilkinson et al., 11 measures the detection threshold for radial deformations of circular D4 (fourth derivative of Gaussian) contours, so-called radial frequency (RF) patterns. The threshold for detecting radial deformation is a hyperacuity, that is, a spatial discrimination that is substantially better than visual acuity. 12 It has been suggested that, to achieve the optimal performance, a global integration mechanism must be involved. 11, [13] [14] [15] The radial deformation task has been adapted to a forced-choice preferential looking paradigm and used to document the rapid improvement of hyperacuity during the first year of life. 16, 17 The rate of radial deformation hyperacuity maturation is similar to that reported with more traditional hyperacuity stimuli. 16 Adults with strabismic amblyopia have severe deficits in radial deformation hyperacuity in the amblyopic eye compared to the fellow eye. These deficits are largely independent of spatial frequency characteristics of the circular contours (RF, contrast, and peak spatial frequency). 13 However, while deficits in radial deformation hyperacuity were present in strabismic amblyopia across a wide range of RF stimuli, the most severe deficits were found at the two highest RFs, 8 and 10 cyc/360 deg. This latter finding may be related to the welldocumented pronounced effect of crowding in strabismic amblyopia, a detrimental interference from flanking features or contours seen to impair visual acuity 18 and vernier acuity. 19 The aim of this study was to determine whether the radial deformation hyperacuity task could be used as a clinical tool to detect and monitor strabismic amblyopia in young children. The results of this research will be used to guide the choice of stimulus parameters for development of a preferential looking test to detect and monitor strabismic amblyopia in infants and preschool children. We have already demonstrated that radial deformation hyperacuity can be measured using forced-choice preferential looking in this age range. 16, 17 Here, we evaluated the sensitivity and specificity of the radial deformation shape discrimination task for strabismic amblyopia. Because there is no gold standard for strabismic amblyopia in children ,3 years of age, we evaluated the sensitivity and specificity in strabismic children between the ages of 3 and 17 years using optotype visual acuity as the gold standard. In addition, we examined the relationship between hyperacuity deficits and optotype visual acuity deficits in amblyopic children in order to evaluate whether the hyperacuity task could be used to quantify severity of amblyopia and monitor response to treatment.
METHODS
Participants were 51 children between the age of 3 and 17 years with strabismus and no anisometropia (difference in spherical equivalent ,1.00 diopters [D]). They were referred to the study by 18 Dallas-Fort Worth pediatric ophthalmologists. Fifty-two percent had amblyopia, defined as best-corrected letter optotype visual acuity of 20/40 or worse (!0.3 logMAR) in the amblyopic eye and a difference of two lines (!0.2 logMAR interocular difference) or more between the two eyes. One hundred thirty age-matched normal controls were included as a comparison group. None of the children had known developmental delay or concurrent ophthalmic or systemic diseases. None of the children were born preterm ( 36 weeks).
Informed consent was obtained from parents, as the children were younger than 18 years, before participation in the study. This research protocol observed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center. The Retina Foundation of the Southwest is a Health Insurance Portability and Accountability Act (HIPAA)-exempt institution.
Hyperacuity, optotype acuity, and grating acuity were tested monocularly, using a different chart for each eye. Strabismic patients were tested with best optical correction.
Radial Deformation Hyperacuity
RF patterns were circular D4 contours, which could be radially deformed ( Fig. 1) . RF patterns were defined by peak spatial frequency (cyc/deg), which determined the thickness of the contour; mean radius (deg), which determined the size of the circle; and RF (the number of modulation cycles per 360 deg). 20 Radial deformation hyperacuity was evaluated using circular D4 contours with a peak spatial frequency of 3 cyc/deg, 1 deg radius, and RF ¼ 8 (Fig. 1A ). This stimulus was chosen because of a prior report that radial deformation hyperacuity was more severely affected when the circular contour frequency (the number of radial cyc/deg of unmodulated contour length) measured was !0.8 cyc/cl-deg. 20 This stimulus had a circular contour frequency of 1.3 cyc/ cl-deg. In addition, we ''crowded'' RF patterns by increasing RF to 16 while keeping the radius constant at 1 deg (i.e., twice as many deformations along the same total contour length) (Fig. 1B) and by decreasing the radius to 0.5 deg while keeping the number of radial deformations constant (i.e., the same number of radial deformations along half the contour length) (Fig. 1C) . These latter two radial deformation stimuli had a circular contour frequency of 2.6 cyc/cl-deg. Separate patient cohorts, enrolled sequentially, were used to test the three different hyperacuity tasks. Participants were grouped by age: 3-4, 5-6, 7-8, 9-10, and 11-17 years. The number of children tested with each of the three hyperacuity tasks by age group is provided in Table 1 . Some children were tested with more than one hyperacuity task; but, because the tasks were evaluated sequentially, they were in different age groups when they were tested with different hyperacuity tasks, and differences in thresholds for the tasks could not be compared within individuals. For example, of the 27 amblyopic children, 12 were tested with one hyperacuity task, 13 were tested with two hyperacuity tasks, and 2 were tested with all three hyperacuity tasks, for a total of 44 tests.
Radial deformation hyperacuity was measured using spatial fouralternative forced-choice charts. Each chart consisted of 16 groups of four RF patterns, three unmodulated and one modulated (deformed) (Fig. 2A) . The subject viewed the charts at 40 cm. The subject's task was to indicate the deformed RF pattern from among four RF patterns in each group, of which three were perfectly circular patterns. A masking sheet with a rectangular presentation window (Fig. 2B ) was used to present only one group at a time. From top-left to bottom-right groups, the % radial modulation amplitudes were 10, 6. Optotype acuity was measured using the crowded single letter protocol in the electronic-ETDRS (E-ETDRS) format 21, 22 and served as the gold standard. Viewing distance was 3 m. Grating acuity was measured using a two-alternative forced-choice format with Teller acuity cards [23] [24] [25] (viewing distance 57 cm) to provide a comparison with radial deformation hyperacuity.
Statistical Analysis
The developmental course of normative hyperacuity and grating acuity thresholds was modeled using a two-segment function. 17 The first 
For sensitivity and specificity analyses, each monocular hyperacuity and grating acuity threshold from strabismic patients was compared with the control range of scores for the same age group. For sensitivity and specificity analyses, patient thresholds that fell within the control range for the same age group were classified as ''normal,'' and patient thresholds that fell below the lower limit of the control range for the same age group were classified as ''abnormal.'' Sensitivity of the radial deformation hyperacuity for amblyopia (percentage correctly identified as having amblyopia) and specificity (percentage correctly identified as being nonamblyopic) were calculated from 2 · 2 contingency tables. Positive predictive value (PPV, probability of being truly amblyopic given a positive result) and negative predictive value (NPV, probability of being truly nonamblyopic given a negative result) were also calculated. For comparison, sensitivity, specificity, PPV, and NPV were also calculated for grating acuity. The sensitivity, specificity, and the predictive values are presented along with their 95% confidence interval (CI). Figure 3 plots the mean radial deformation hyperacuity data for the three different RF patterns and the grating acuity in logMAR as a function of age. For all three RF patterns, radial deformation hyperacuity exceeded grating acuity by !0.3 logMAR in all age groups. Modeling the individual data with two-segment growth curves, radial deformation hyperacuity was found to reach a mature, stable level at 13 years of age for the 1 deg radius 8 RF pattern but continued to improve through at least 17 years of age for the two crowded RF patterns (1 deg radius 16 RF and 0.5 deg radius 8 RF). In contrast, grating acuity matured early, reaching a plateau of À0.1 logMAR by 9 years of age.
RESULTS

Normative Radial Deformation Hyperacuity Data
A two-way ANOVA was carried out to compare the normative data, from the right eyes of normal control children, for the three RF patterns as a function of age group. The mean radial deformation hyperacuity was found to be statistically significantly different among the three RF patterns (F ¼ 20.81; P , 0.001) and across age groups (F ¼ 24.31; P , 0.001). In addition, a significant interaction effect (F ¼ 2.16; P ¼ 0.03) between age group and hyperacuity task was observed. The significant interaction primarily reflects the poorer thresholds of children tested at 3-4 years of age with the 0.5 deg radius 8 RF and 1.0 deg 16 RF patterns compared with 1 deg radius 8 RF pattern (P , 0.05 for both comparisons) and the later age at which thresholds reach visual maturity for the 0. 
Sensitivity, Specificity, and Predictive Value of Radial Deformation Hyperacuity for Strabismic Amblyopia
Sensitivity, specificity, PPV, and NPV for each of the three RF patterns, along with their 95% CIs, are summarized in Table 2 . The breakdown of the number of children tested in the amblyopic group (A), nonamblyopic group (NA), and normal control group (C) in the different age groups for the three hyperacuity tasks is provided within parentheses. Neither of the 1 deg radius patterns (RF 8 and RF 16) had high sensitivity or PPV for strabismic amblyopia, although both had reasonable specificity and NPV. In contrast, the 0.5 deg RF8 pattern had 83% sensitivity, 85% specificity, and 71% PPV.
In comparison, only one third of 13 children (out of 37 children tested) who were identified as amblyopic by E-ETDRS letter acuity were also identified as amblyopic by grating acuity. Overall, grating acuity had low sensitivity of 38% (95% CI: 15%-68%) with a PPV ¼ 31% (95% CI: 12%-58%) and modest specificity of 73% (95% CI: 56%-85%) with a NPV of 78% (95% CI: 61%-90%).
Radial Deformation Hyperacuity and Grating Acuity versus Gold Standard E-ETDRS Visual Acuity in the Patient Population
Figures 4A, 4B, 4C, and 4D provide scatterplots along with the best-fit lines to illustrate the relationship between optotype acuity and grating acuity and between optotype acuity and the three RF patterns.
The 1 deg radius 8 RF radial deformation hyperacuity was not significantly correlated with optotype acuity among amblyopic patients (Spearman r ¼ 0.13, P ¼ 0.67) or among all participants (Spearman r ¼ À0.13, P ¼ 0.44). However, the two crowded hyperacuity stimuli showed significant correlations with optotype acuity among amblyopic participants 
DISCUSSION
This evaluation of hyperacuity test validity in a cohort old enough to complete optotype acuity testing demonstrated good sensitivity and excellent specificity for strabismic amblyopia for 0.5 deg 8 RF patterns. This small radius radial deformation hyperacuity had better sensitivity and PPV in identifying strabismic amblyopia compared to grating acuity and large radius radial deformation hyperacuity. In addition, the small radius radial deformation hyperacuity deficits were proportional to optotype visual acuity deficits.
Previous studies have reported hyperacuity maturation and normative data during infancy and early childhood. 26, 27 Wang et al. 17 report the development and course of global hyperacuity from infancy to aging. The normative data presented in this study for early childhood through teenage years agrees well with these previous reports. Interestingly, hyperacuity was found to be similar for the two RF patterns with the same contour frequency (1 deg radius 16 RF and 0.5 deg radius 8 RF patterns) across the different age groups, which has been reported previously. 15, 17 However, the normative data obtained from the 1 deg radius 8 RF pattern, with a lower contour frequency, was different from the other two stimuli. These results also are consistent with the hypothesis that radial deformation hyperacuity is determined by contour frequency. 15 There has been only one previous report of a hyperacuity test intended for detection and monitoring of amblyopia in infants and preterm children. 28 Similar to the current study, they assessed the sensitivity and specificity of hyperacuity to amblyopia, using optotype acuity as the gold standard, in a cohort of children !3 years of age. The results were similar to the present study. Namely, vernier acuity was 81% sensitive in identifying amblyopia with 73% specificity. Grating acuity yielded a much lower sensitivity of 44%, but a comparable specificity of 93%.
The finding here that a small radius, crowded RF pattern has good sensitivity and excellent specificity for strabismic FIGURE 3 . Box plots of the normative data, which provides the mean (black dots), median (horizontal line within the box), lower quartile (25th percentile), upper quartile (75th percentile), and range (whiskers) for grating acuity and the three hyperacuity tasks. amblyopia compared to the large radius, crowded RF pattern with the same contour frequency suggests that crowding might not be an underlying factor resulting in the hyperacuity deficit. This finding is consistent with data from other radial deformation hyperacuity studies that have shown a high degree of scale invariance in strabismic amblyopia. 13, 20 Radial deformation hyperacuity has been reported to be constant across increasing RF, for a given radius, in individuals with strabismic amblyopia. 13 It is generally considered that V1 is the predominant site for crowding, with some possible involvement downstream from V1. 29 However, the global summation involved in radial deformation hyperacuity is likely to occur within V4. 11, 30 Our data support the V4 locus hypothesis. If crowding was the predominant factor in the amblyopic hyperacuity deficits observed, similar hyperacuity deficits should have been observed with both the 0.5 deg radius 8 RF pattern and 1 deg radius 16 RF pattern, indicating a V1 locus. However, the 1 deg 16 RF pattern yielded less amblyopic deficit than the 0.5 deg radius 8 RF pattern, suggesting that crowding might not be the underlying mechanism, consistent with the V4 locus.
The small 0.5 deg radius stimulus serves to limit testing to the central 1 deg of fovea, and its higher sensitivity to strabismic amblyopia compared with larger radius patterns may reflect the greater effect of strabismic amblyopia on foveal than extrafoveal vision. Consistent with this hypothesis is a report by Mayer et al. 31 that small field (0.5 deg radius) grating acuity was affected to a greater extent than large field grating acuity in amblyopia and that small field grating acuity deficits were more similar to optotype visual acuity deficits.
Whether the results from children ages 3 to 17 years presented here can be generalized to infants and preschool children was not addressed in the present study. There is no gold standard for the infant-preschool age group, so it is not possible to determine whether an infant or child has amblyopia with certainty. Thus, to evaluate and validate whether a radial deformation hyperacuity task may be sensitive to strabismic amblyopia in infants and preschool children, the study cohort must be composed of children who are old enough to complete a standardized visual acuity test that can establish the formal diagnosis of amblyopia. Prior studies have already demonstrated that the radial deformation hyperacuity task can be used to assess hyperacuity of normal infants in a forcedchoice preferential looking paradigm, 16, 17 although hyperacuity stimuli with radii as small as 0.5 deg have not yet been studied.
This study evaluated the clinical effectiveness of radial deformation hyperacuity in detecting strabismic amblyopia in preschool and school-aged children. Moreover, it was able to identify a small radius RF pattern as the most efficient test target among different types of radial deformation hyperacuity stimuli. The strong correlation and direct proportionality of the hyperacuity deficits, when measured with the small radius stimulus, and optotype deficits in amblyopic children support the utility of small radius radial deformation hyperacuity in quantifying the severity of amblyopia and monitoring the course of amblyopia treatment. Taken together, these results suggest that a small radius radial deformation hyperacuity task has good potential as a forced-choice preferential looking test to detect and monitor amblyopia in infants and preschool children. However, this paradigm has yet to be tested in infants and toddlers.
